Abstract: There is considerable interest in determining the activation mechanism of G proteincoupled receptors (GPCRs), one of the most important types of proteins for intercellular signaling. Recently, it was demonstrated for the cannabinoid CB1 GPCR, that a single mutation T210A could make CB1 completely inactive whereas T210I makes it essentially constitutively active. To obtain an understanding of this dramatic dependence of activity on mutation, we used first-principlesbased methods to predict the ensemble of low-energy seven-helix conformations for the wild-type (WT) and mutants (T210A and T210I). We find that the transmembrane (TM) helix packings depend markedly on these mutations, leading for T210A to both TM31TM6 and TM21TM6 salt-bridge couplings in the cytoplasmic face that explains the inactivity of this mutant. In contrast T210I has no such couplings across the receptor explaining the ease in activating this mutant. WT has just the TM31TM6 coupling, known to be broken upon GPCR activation. To test this hypothesis on activity, we predicted double mutants that would convert the inactive mutant to normal activity and then confirmed this experimentally. This CB1 activation mechanism, or one similar to it, is expected to play a role in other constitutively active GPCRs as well.
Introduction
Activation of G protein-coupled receptors (GPCRs) by extracellular sensory and non-sensory signals affects multiple intracellular signaling cascades by modulating G protein and/or b arrestin-coupled pathways. 1 This pleiotropic consequence on GPCR activation is facilitated by their remarkable conformational flexibility, enabling the formation of multiple distinct conformations that can influence function. Because of the putative stability of the inactive state, most GPCR crystal structures correspond to this form: bovine rhodopsin (bRho), [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] squid (Todarodes pacificus) rhodopsin (sRho), 12, 13 human b 2 adrenergic receptor (inactHb 2 AR), [14] [15] [16] turkey (Meleagris gallopavo) b 1 adrenergic receptor (inactTb 1 AR), 17, 18 human A 2A adenosine receptor (inactHA 2A AR), 19, 20 human D3 dopamine receptor (hDD3R), 21 human CXCR4 receptor (hCXCR4), 22 human histamine H1 receptor (hH1HR), 23 human sphingosine 1-phosphate 1 receptor (hS1P1R), 24 mouse (Mus musculus) l-opioid receptor (mOPRM), 25 mouse d-opioid receptor (mOPRD), 26 human j-opioid receptor (hOPRK), 27 and human NOP opioid receptor (hOPRX). 28 However, several crystal structures have captured one or more of the ''active'' forms of GPCRs: bovine opsin (bOps), 29, 30 bovine metarhodopsin II (meta II), 31 constitutively active mutant of bRho, 32 human b 2 adrenergic receptor (actHb 2 AR), [33] [34] [35] and human A 2A adenosine receptor (actHA 2A AR). 36 ,37 These latter structures provide molecular level hints of the mechanisms of GPCR activation, but little is known about the structural transformations underlying the conversion of a GPCR from an inactive form through a constitutively active wild-type (WT) form to a more constitutively active form. The cannabinoid CB1 receptor, which is located mainly in the central nervous system, displays partial constitutive activity. We have shown previously 38 and confirm here using GTPcS assays ( Fig. 1) , that mutating the Thr residue T210 near the cytoplasmic end of transmembrane 3 (TM3) to Ala makes CB1 inactive, whereas substituting in Ile makes it highly constitutively active. 38 The residue T210 will be referred to as T3.46 throughout the remainder of this manuscript (using the BallesterosWeinstein numbering scheme 39 ), indicating that it is located one helix turn above the conserved R3.50 residue (see Fig. S1A in Supporting Information). Tables SIA and SIB (Supporting Information) summarize previous experimental results for CB1 WT receptor and these two mutants. Changes in binding profiles for the inverse agonist rimonabant in the presence and absence of G protein-coupling indicated that the T3.46I receptor adopts the active state, while the T3.46A receptor is in an inactive state 38 (Supporting Information, Table SIB ). We found experimentally that a high concentration of GTPcS precludes G protein-coupling, promoting the inactive form. Under these conditions, T3.46I, which otherwise has a weak binding affinity for inverse agonists, displayed a 30-fold enhancement in its affinity for rimonabant. In comparison, the WT receptor displayed a five-fold increase in rimonabant affinity, while the T3.46A receptor showed a negligible increase in affinity for this ligand. This hierarchy of rimonabant affinity changes in the absence of the G protein-coupling parallels the ease with which each receptor adopts an inactive conformation. 38 These major changes upon single point mutations provide an excellent system for probing the molecular mechanisms of GPCR activation, allowing us to follow the structural changes from the fully inactive form, through the weakly constitutively active form typically seen in WT receptors, to the highly constitutively active form.
To provide the structural information needed to understand activation of GPCRs, we have been developing first-principles-based computational methods 40, 41 to predict the ensemble of energetically favorable conformations available to play a role in Figure 1 . multiple GPCR-mediated pathways. Our objective is to accurately predict multiple conformations of a GPCR that may or may not be closely related to the crystallographically characterized receptors. Homology modeling approaches are not yet capable of predicting such multiple conformations, as shown below in the discussion. We report here the results of applying these methods to CB1, providing a structural basis for understanding the dramatic effects on activation observed experimentally for single mutations at the T3.46 position in this receptor. 38 We then use this structural understanding to predict two double mutants expected to convert the fully inactive T3.46A to WT level constitutively activity, which we subsequently confirm experimentally with GTPcS binding assays. This strongly supports the predicted structures, and reaffirms the proposed structural basis for the activation mechanism for CB1 receptor.
Results
Basal GTPcS binding as a measurement of G protein-coupling activity reveals that T3.46I is highly constitutively active whereas T3.46A is fully inactive 38 confirming that the T3.46A receptor is inactive and unable to bind to the G protein, the WT receptor has constitutive activity, and the T3.46I receptor is much more constitutively active, with the latter two able to couple to the G protein.
Predictions of the stable structural ensembles for CB1 WT and mutant receptors
To identify a structural basis for the experimental findings, we used the GPCR Ensemble of Structures in Membrane Bilayer Environment (GEnSeMBLE) method 40, 41 to predict the ensemble of energetically favorable conformations, in other words the packing within the seven-helix bundle, for all three CB1 receptors (WT, T3.46A, and T3.46I). The methodology is described below in the ''Materials and Methods'' Section and in more detail in Section S7 of Supporting Information. We find that these mutations of T3.46 lead to substantial changes in helix packing within the seven-helix bundle, which in turn lead to major differences in the salt-bridge interactions between the cytoplasmic end of TM6, which is expected to play a role in activation, with other TMs, as described in Supplementary Information Section S3, especially Supporting Information, Table SIIA, provides the results for the three receptors.
Intermolecular interactions in the inactive T3.46A receptor
The consensus salt-bridge patterns in the predicted ensemble of low energy conformations for the T3.46A, WT, and T3.46I receptors are shown in Table I and Figure 2 . The consensus set is defined by the presence of the particular interhelical interaction in more than half of the 10 lowest energy conformations. The differences in the consensus set of interactions for each receptor clearly show that there are major differences in the helix packing of each receptor. The conformations of the inactive mutant T3.46A receptor lead to a consensus saltbridge pattern [ Table I and Fig. 2 42 and that breaking of this ionic lock is necessary for full activation. 43 The (D3.49 þ K4.41) interaction is similar to the salt-bridge between D3.49 and R4.37 in the hCXCR4 crystal. 27 Likewise, the extracellular (D6.58 þ K7.32) interaction is similar to the salt-bridge between D6.58 and H7.32 in the hCXCR4 crystal. 27 Conversely, the TM2þTM6 coupling is unique to this CB1 mutant. We believe this ionic lock is critical for maintaining the receptor in its fully inactive form.
Intermolecular interactions in the constitutively active WT receptor
The consensus interaction network for the WT conformational ensemble [ Table I and Fig. 2(B) ] includes six salt-bridges. Three of these salt-bridges [(D3.49 þ K4.41), (R3.50 þ D6.30), and (D6.58 þ K7.32)] were also present in the T3.46A consensus and in the crystallographically characterized inactive class A GPCRs discussed above, and are therefore consistent with known systems.
The three additional salt-bridges found in the WT protein conformational ensemble are: (R2.37 þ D3.49), (H2.41 þ D3.49), and (D2.63 þ K3.28). In the T3.46A mutant receptor, we found that R2.37 interacts with D6.30, but in the WT it forms a saltbridge with D3.49 as shown in Figure 2 (B). The most remarkable difference between WT and T3.46A is that T3.46A receptor has two polar interactions between TMs 2 and 6, (R2.37 þ D6.30) and (H2.41-R6.32), which are not observed in the WT receptor. Thus, instead of the direct TM2þTM6 coupling in the T3.46A mutant, the WT receptor displays the TM2þTM3 coupling between nearest-neighbor TMs.
The WT conformational ensemble consensus interaction also has four hydrogen bonds including (S2.45-T3.46) [Supporting Information, Fig. S1(B) ]. This hydrogen bond is especially important because it involves the residue (T3.46), whose mutation causes the large changes in structure being investigated here.
Intermolecular interactions in the much more constitutively active (than WT) T3.46I receptor
The consensus of the highly constitutively active mutant T3.46I conformational ensemble [ Table I Table I and Figure 2(C) . Thus, the T3.46I receptor has no salt-bridges spanning the cytoplasmic side of the TM helix bundle. This end of the T3.46I receptor has a larger diameter (11.6 Å between residues D6.30 and R3.50) than that of T3.46A (8.5 Å ) or WT (8.9 Å ) enabling it to potentially accommodate the C-terminal a-helix of the G a protein during activation, which in actHb 2 AR-G s complex is 19.0 Å (PDB ID: 3SN6). 35 This makes the 29, 30 meta II (PDB ID: 3PQR, 3PXO), 31 and perhaps a water-mediated interaction in the nanobody-bound activated actHb 2 AR (PDB ID: 3POG) 34 crystal structures. In active bRho, bOps, and meta II, the saltbridge is formed between K5.66 and E6.30. Thus, the T3.46I mutant has similar structural signatures observed in other activated GPCRs.
Effect of single amino acid mutations on CB1 receptor TM helix packing
Tables IIA and B highlight the differences in the helix orientation angles (defined in Ref. 40 ) among the three receptors, also shown in Figure 3 . The helical axis for these angles is uniquely defined for a straight or kinked helix by taking the least moment of inertia vector from the eigensolution of the moment of inertia matrix for the helix obtained using only heavy backbone atoms. 40 Figure 3(A) and Table IIA show that TM2 of WT rotates (g, helix rotation angle) toward TM3 by 90 while TM6 sweeps away (u, helix sweep angle) from the center of the TM helix bundle by 30 (clockwise). The combination of these two motions breaks the TM2þTM6 Table I and best agreement with the consensus pattern of salt-bridges and hydrogen bonds. T3.46A (A) is represented by T3.46A-1, WT (B) is WT-3, and T3.46I (C) is T3.46I-4. These models for each receptor are used throughout this paper. Salt-bridges and hydrogen bonds in the consensus pattern are indicated by arrows and shaded boxes. Dotted lines show the hydrogen bonds between the residues (see also Supporting Information, Tables SII and SIII.). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] coupling of T3.46A. TM2 also tilts (y, helix tilt angle) toward TM3 by 10 with respect to its counterpart in T3.46A. This movement plus its rotation allows the (R2.37 þ D3.49) interaction to form. The TM3þTM6 coupling is maintained for both T3.46A and WT because, unlike TM2, TM3 sweeps toward TM6 by 45 . As for the (D3.49 þ K4.41) interaction, TM4 of the WT rotates clockwise by 30 and sweeps 30 toward the center of the TM helix bundle compared to T3.46A. This forward-tilting motion of the cytoplasmic end of TM4 and the rotations of both the TM3 and TM4 helices help maintain the TM3þTM4 coupling in WT.
Comparing T3.46I with WT [Table IIB and Fig.  3(B) ], we see that TM6 tilts 10 away from the center of the bundle, breaking the TM3þTM6 coupling. To form the TM5þTM6 coupling of T3.46I, the extracellular ends of TMs 5 and 6 sweep away from each other by 15 causing their cytoplasmic ends to come closer together. These helices also rotate toward each other by 60 and 30 , respectively. The TM3þTM4 coupling is broken by the two helices leaning away from each other by 15 , while TM4 rotates by 30 away from TM3. The TM2þTM3 coupling is maintained due to the stationary TM2. This TM does not move despite the mutation of the adjacent TM's T3.46 to I3.46 whose bulkier side chain would clash with the residues on TM2. TM3 sweeps slightly away from TM2 by 15 to provide more space for the larger side chain of Ile and to avoid repulsive interactions.
Homology modeling is unable to explain these functional effects of single point mutations as shown in Supporting Information, Section S5.1.
Validation of structural basis of T3.46A inactivity by predicting a second mutation (at position R2.37) aimed at restoring constitutive activity to the T3.46A mutant
To evaluate the importance of the TM2þTM6 coupling in maintaining the inactive conformation of the receptor (as in T3.46A), we proposed two double mutants:
T3.46A/R2.37A and T3.46A/R2.37Q [ Fig. 4(A and B) ] that we predicted would restore constitutive activity by breaking the TM2þTM6 coupling. We expected that changing the Arg to a nonpolar Ala or to a charge-neutralizing Gln on the cytoplasmic end of TM2 would break the (R2.37 þ D6.30) interaction present in the inactive T3.46A receptor by weakening the interaction with D6.30. This loss of TM2þTM6 coupling should cause the receptor conformation to change and resemble the constitutively active WT receptor, which should be observable in a functional assay.
We proceeded to predict the optimum ensemble of structures for these double mutants using the same computational procedure as for WT and the two single mutants.
For T3.46A/R2.37A double mutant, the consensus interactions of the 10 best-predicted conformations agree with our expectations, resembling a constitutively active receptor. All couplings between TM2 and TM6 and even the (R3.50 þ D6.30) interaction are absent in the lowest energy conformations of this double mutant [ Fig. 4(A) and Table I ]. It also lacks the (R5.71 þ D6.30) interaction observed in the highly constitutively active T3.46I receptor. However, it does contain the (D3.49 þ K4.41) interaction found in the T3.46A and WT receptors. This receptor also contains the (D2.63 þ K3.28) interaction on the extracellular side of the receptor bundle. This salt-bridge is observed in both the constitutively active WT and T3.46I receptors, but not in the inactive T3.46A receptor. The lack of the TM2þTM6 and TM3þTM6 couplings implies that this receptor would be constitutively active. The presence of the TM3þTM4 coupling as seen in WT and inactive T3.46A suggests that this double mutant might be less constitutively active than the WT receptor.
For T3.46A/R2.37Q double mutant receptor, the consensus of the 10 best conformations agrees with our expectations, leading to a salt-bridge similar to that of the WT receptor [ Fig. 4(B) and Table I ]. The Gln residue at position 2.37 interacts with D3.49 as in the WT and the other receptors and the mock-transfected sample shown in Figure 1 . As predicted, the T3.46A/ R2.37A and T3.46A/R2.37Q receptors are more constitutively active relative to T3.46A. The GTPcS binding in the absence of ligand is larger for the T3.46A/R2.37A and T3.46A/R2.37Q receptors, with levels of 72.2 and 77.4 fmol/mg, respectively, than that of the fully inactive T3.46A receptor (52.6 fmol/mg). Although these two double mutants display less constitutive activity than the WT (91.3 fmol/mg), the mutations of the R2.37 residue produce substantial levels of constitutive activity. This confirms that our models are predictive and accurately show the importance of the critical TM2þTM6 ionic lock in keeping the T3.46A receptor in the inactive conformation. Intriguingly, these double mutant receptors show somewhat different non-covalent interaction patterns. The T3.46A/ R2.37Q receptor has (Q2.37-D3.49) and (R3.50 þ D6.30) interactions, whereas the T3.46A/R2.37A receptor does not (Table I) . However, our functional assay data indicate that the difference between the constitutive activities of these receptors is not statistically significant [ Fig. 4(C) ]. • T3.46A (inactive) has the following salt-bridges: (R2.37 þ D6.30), (D3.49 þ K4.41), and (R3.50 þ D6.30).
• During the first step of partial activation to form the weakly constitutively active WT, the TM2þTM6 coupling in the inactive T3.46A receptor is broken to form the TM2þTM3 coupling of the WT receptor. Thus, the TM2þTM6 coupling appears to be essential for the receptor to be fully inactive.
• The TM3þTM4 and TM3þTM6 couplings break during the second step of activation to form the highly constitutively active T3.46I conformation with a new TM5þTM6 coupling. Thus, the breaking of the TM3þTM6 coupling appears to be responsible for full activation, or beyond WT levels.
• Our proposed double mutants, T3.46A/R2.37A and T3.46A/R2.37Q, share salt-bridge signatures with the WT receptor. Based on their structures alone, we predicted that the receptors would be constitutively active, which was subsequently confirmed by our experiments.
These conformational changes lead to helix movements consistent with those observed in the inactive-to-active experimentally characterized GPCRs. For example, they agree with NMR studies of bRho and meta II, 44 which showed that TM3 remains fairly rigid and does not re-orient while TM6 moves significantly during activation. Recent crystal structures of activated GPCRs allow us to compare the conformational differences between the antagonist and agonist-bound Hb 2 AR 34, 35 and HA 2A AR, 36 or the 11-cis-retinal-bound bRho and the apo-protein bOps, 30 with our weakly constitutively active WT and the highly constitutively active T3.46I, as seen in Supporting Information, Table  SIII . TMs 1-4 are relatively fixed between bRho and bOps and inactHA 2A AR and actHA 2A AR, whereas the TMs 5-7 show the greatest structural changes. For example, in bRho, TM6's cytoplasmic end moves 6-7 Å away from the bundle interior (30) , and in HA 2A AR, the same helix shifts by 3-4 Å . HA 2A AR's movement is smaller than that of bOps because HA 2A AR may be constrained by the substitution of T4 lysozyme for the third intracellular loop. 36 Our CB1 structures show a similar change as TM6 swings outward by 6.6 Å , which agrees well with the bRho-bOps case. 30 In Hb 2 AR, E6.30 moves by 11.40 Å when stabilized by a nanobody 34 or by 14.7 Å when stabilized by a G S protein, 35 while in CB1 the conserved residue shifts by 7.4 Å . Also evident in crystal structures is the movement of TMs 5 and 6 toward each other. In the bRho-bOps activation, the two helices tilt so they become parallel. 30 We find the same shifts in TM5 and TM6 of CB1, as seen in Figure 3(B) . The most marked differences between our predicted CB1 structures and the crystallized GPCRs occur in the movement of TM7. None of the salt-bridges crucial to activation in CB1 involve TM7, so its placement appears not to be as important as the other TMs. The CB1 receptor is unusual in that the TM3þTM6 coupling, (R3.50 þ D6.30), appears to be insufficient in preventing activation. Several studies have questioned the importance of that salt-bridge interaction in the activation mechanism of the CB receptors. Site-directed mutagenesis of R3.50A in CB2 suggested that this mutation only weakly affects agonist binding and partially affects signaling. 45 Another experiment showed that this same CB2 receptor mutation prevented constitutive activation and downfield signaling, 46 which would contradict the previous study by indicating the importance of R3.50 in function and signaling. Both studies, however, do agree that the R3.50A mutation does not impact agonist binding. Our modeling studies provide a structural explanation of these experimental results. The ionic lock (R2.37 þ D6.30) of the T3.46A mutant spanning the helix bundle is unique while the (R3.50 þ D6.30) ionic lock is commonly found in inactive GPCRs. R2.37 is present in CB1, but CB2 has a similar K2.37 residue that we suggest could form a similar the TM2þTM6 coupling. In other class A GPCRs residue 2.37 is most often an Asn, a Ser, or a Thr, which explains why this particular ionic lock has not been observed in most crystallographically characterized receptors. The exception is the hS1P1R crystal structure, but its R2.37 side-chain was not resolved in the crystal structure, and hence, it is not known how this residue interacts. Indeed, it points into the center of the TM helix bundle making the TM2þTM6 coupling possible. 24 We believe that this unique (R2.37 þ D6.30) interaction rather than the (R3.50 þ D6.30) ionic lock is responsible for preventing cannabinoid receptor activation, which would explain the limited importance of the R3.50 residue.
Validation of the role of TM21TM6 interaction in keeping T3.46A inactive
The predicted structures of the CB1 receptor mutants are consistent with the experimental studies indicating that the R2.37 þ D6.30 interaction These results underscore the importance of the R2.37 residue in maintaining the inactive conformation [ Fig. 4(C) ], confirming that the TM2þTM6 coupling is critical for constraining the receptor to maintain the inactive conformation. These experimental results further support our hypothesis that breaking the TM2þTM6, not the TM3þTM6, coupling is crucial to convert the inactive structure to the active conformational.
Comparison to previous CB1 modeling studies
Previous CB1 modeling studies used homology modeling to bRho or other crystallized GPCRs as templates, followed in some cases by molecular dynamics. [47] [48] [49] [50] [51] [52] [53] These studies are summarized in-depth in Supporting Information Section S5.2. Software programs such as Modeller 54 have also been used previously to predict CB1's structure. The ModBase dataset (http://modbase.compbio.ucsf.edu/modbase-cgi/ index.cgi) contains multiple CB1 structure predictions constructed from Modeller software. 55 One of its more reliable conformations, according to the MPQS score, is based on the agonist-bound actHA 2A AR crystal (PDB ID: 2YDV chain A) 37 homology model. In this predicted conformation R3.50 does not form an ionic lock with D6.30 even though both residues are conserved. As mentioned above, this particular interaction has been observed in multiple class A GPCRs. Furthermore, ligandbinding residues are not accessible to the binding site of these homology built structures. 47, 49 For example W5.43A leads to a $1000-fold drop in binding affinity for the antagonist rimonabant, 49 but the ModBase prediction, has this residue facing into the lipid membrane region. In our predicted structures, this residue points into the binding site. Thus, the homology-based structures do not account for the essential characteristics of the CB1 receptor. Using the CB1 receptor as the model, we provide the first complete picture of the GPCR activation mechanism from the inactive form (T3.46A) through the weakly constitutively active form (WT) to a highly constitutively active form (T3.46I). Some molecular signatures of our mechanism have been observed in crystal structures of inactive and active forms, while others are novel and may be specific to the cannabinoid family. Based on our understanding of unique interaction observed between TMs 2 and 6 in the inactive T3.46A receptor, we designed double mutants expected to be constitutively active and subsequently confirmed this by GTPcS assays. This lays the groundwork for predicting inactive and active mutations for this and other GPCRs, which may be used to determine new ligands to have specific activity for activating particular G proteins, b arrestins, and perhaps other functionalities.
The ability of our first-principles-based ensemble methods to predict structures that explain experiments and to predict novel mutations with specific functionality subsequently validated by experiments, suggests that these methods may be very useful in understanding activation and specific ligand-GPCR interactions for other systems.
Our experimental and computational studies show that dramatic changes in the global receptor conformations can be caused by the mutation of a single residue. This invalidates the implicit assumption in using mutation-binding studies to validate a model ligand-protein structure, where it is assumed that the overall global structure of the receptor changes little. Our study shows cases in which this assumption is wildly invalid, requiring careful reinterpretation of all such GPCR binding-mutagenesis studies.
Materials and Methods
GTPcS binding assay. Membrane preparations from HEK293 cells expressing CB1 receptors were generated as described previously. 56 Approximately 10 lg of membrane preparations were incubated for 60 min at 30 C in a total volume of 500 lL GTPcS binding assay buffer ( 40, 41 These procedures are described in more detail in the Supporting Information Section S7. All simulations used the Dreiding force field. 57 The lowest 10 conformations in the ensembles of each mutant were analyzed in detail for the presence of salt-bridge and hydrogen bond as presented above in the ''Results'' Section. The GEnSeMBLE method is based on first-principles rather than training sets of previously crystallized proteins. The procedure involves several steps: predicting the TM helix regions of the receptor, generating the template of the receptor bundle, sampling a complete set of seven-helix bundle conformations, and identifying the lowest energy receptor conformations.
1 We used the PredicTM method to predict TM regions based on an octanol hydrophobicity scale. 58 These predicted regions were extended to include the entire section with a-helical character based on a consensus of secondary structure server predictions. We built these TM regions with the program OptHelix, which uses a series of molecular dynamics and minimization to optimize the shape of the seven individual helices. 2 These seven helices were then aligned to the template of a various GPCR structures. We generated several complete TM helix bundles using multiple crystal templates and evaluated the respective energies. The inactTb 1 AR crystal template (PDB ID: 2VT4) 17 resulted in the lowest energy helix packing conformations for the WT CB1 receptors and was used for the remainder of the procedure. With this initial structure, we performed a thorough helix angle sampling with our various programs. 40, 41 3 The BiHelix program sampled helix rotation angle (g) for all pairs of interacting helices, used SCREAM (Side Chain Rotamer Excitation Analysis Method) 59 to optimize side chain interactions for each sampled conformation, and minimized the side chains for 10 steps. BiHelix energies were combined and evaluated as described before 40 and ordered by energy. 4 The program ComBiHelix built the top 1000 conformations from BiHelix, the previous step, and used SCREAM with 10-step minimization to optimize side chain interactions.
5 The program SuperBiHelix took the lowest energy conformation from ComBiHelix, the previous step, to sample helix tilt angle (y), sweep angle (u), and rotation angle (g) for all pairs of interacting helices and then used SCREAM with 10-step minimization to optimize side chain interactions. BiHelix energies were combined and evaluated as described before 40 and ordered by energy.
6 The program SuperComBiHelix took the top 2000 conformations from SuperBiHelix, the previous step, and used SCREAM with 10-step minimization to optimize side chain interactions. 7 Lastly, the lowest energy structures from SuperComBiHelix were selected according to the average of the Average Energy Rank, the average of the charged total energy rank, neutralized total energy rank, charged interhelical energy rank, and neutralized interhelical energy rank.
The single and double mutant receptors-T3.46A, T3.46I, T3.46A/R2.37A, and T3.46A/ R2.37Q-followed the same general guidelines with a few exceptions. The T3.46 residue in the optimized WT CB1 TM3 helix from OptHelix was mutated into Ala or Ile using SCREAM. For the double mutants, the R2.37 residue in the optimized WT CB1 TM2 helix from OptHelix was mutated into Ala or Gln using SCREAM. The remaining steps followed the same procedure as for the WT receptor.
